ju .
In the environment, mercury can exist in three different forms: elemental mercury, ionic mercury and methylmercury. The toxicity of methylmercury is attributed to its lipophilicity and affinity for thiol residues found in proteins (1) . The ability of methylmercury to accumulate in fat tissues leads to its biomagnification within the food chain and ultimately to its toxicity (2, 3) . An example of methylmercury bioaccumulation is the high levels found in fish species in contaminated waterways. Select fish species accumulate high levels o mption of these contaminated species poses a serious health threat to humans.
Due to the high number of mercury contaminated waterways throughout the world, there is a need to develop an effective remediation system for methylmercury. Most systems for cleanup of mercury-contaminated sediments use either physical or chemical remediation. Unfortunately, these systems are expensive and environmentally disruptive. In the 1960s, bacteria were isolated from soils and sediments contaminated with high levels of mercury (4) (5) (6) . Analysis of these bacteria demonstrated that they had acquired a series of plasmid-encoded genes collectively referred to as the mer operon that imparts resistance to mercury. Although the precise composition of the mer operon varies between bacterial strains, strains resistant to high levels methylmercury code for two enzymes (MerA and MerB) that transform methylmercury to elemental mercury (7) . The organomercurial lyase MerB cleaves the carbon-mercury bond of methylmercury, releases methane (8) and directly transfers the ionic mercury to the mercurial reductase MerA. MerA reduces the ionic mercury to elemental mercury, which is volatile and diffuses out of the bacteria (9) . Due to the unique properties of these two enzymes, there are numerous ongoing at ms to clean up methylmercury contamination (10) (11) (12) (13) .
MerB cleaves the carbon-mercury bond of many organomercurials to generate ionic mercury and a protonated carbon species (14) . Based on kinetic experiments, it was concluded that the reaction mechanism is a bimolecular electrophilic substitution (S E 2) (15) . In this mechanism, a proton attacks the -2 -nd speci tant for the bindi to organomercurials and suggest that D99 is an active site residue that participates in the proto ysis of the carbon-mercury bond.
ype MerB was expressed and p itial protein conce hydroxymercuri benzoic acid (PHMBA) plus 10 mM x / Mar USA, Evan tein Data Bank (PDB IDs). The figures were visualized using YMOL (29) and the differences b
were assessed with DDMP(30).
5 Å for the two monomers, 17.4 Å carbon moiety from the same side as the mercury and bond cleavage and protonation occur with retention of the stereochemistry at the carbon position. Based on subsequent mutagenesis experiments, more detailed models have been proposed describing the catalytic role of cysteine residues (16) . Mutagenesis studies with MerB from E. coli (plasmid R831b) demonstrated that two highly conserved cysteines (C96 and C159) were essential for catalytic activity. The NMR structure of free MerB confirmed that these two cysteines are in close proximity within the active site (17) . Recently, model compounds have been shown to cleave carbon-mercury bonds using only thiol groups and their unique properties have been proposed to mimic the mechanism of MerB a fically C96 and C159 (18) . Despite these efforts, the precise details of the mechanism by which MerB cleaves methylmercury are still poorly understood.
In this paper, we have determined a highresolution crystal structure of MerB in the free (1.76 Å resolution) and mercury-bound (1.64 Å resolution) state. The two structures of MerB provide important insights into the catalytic mechanism of this unique enzyme. The structures support earlier studies indicating that C96 and C159 are impor ng nol
MATERIALS AND METHODS
Expression of recombinant proteins. The sequence encoding MerB from E. Coli plasmid R831b was cloned as previously described (17) . The MerB mutants (C96S MerB, C159S MerB and C160S MerB) were prepared by site-directed mutagenesis of plasmid pQZB1 (16) . Wild-t urified as previously described (17) (16) . Prior to crystallization, proteins were dialyzed (See Supplementary methods).
Crystallization. Crystals of MerB, C96S MerB, C159S MerB and C160S MerB were grown by vapor diffusion at 23 °C using either a 1:1 or 1:2 mixture of protein solution (8 mg/mL in ntration) and precipitant buffer respectively that was equilibrated against a reservoir of precipitant buffer (See Supplementary methods).
Data Collection and Processing. MerB crystals were soaked for precise times (7 minutes, 10 minutes, 25 minutes) in organomercurial buffer (precipitant buffer plus 1.0 mM of either methylmercury or paral-DTT or cysteine). Diffraction data were collected from single crystals at beam line X29 of the National Synchrotron Light Source (Brookhaven National Laboratory, Upton, NY) using an ADSC Quantum-315 charge-coupled device (Area Detector Systems, Poway, CA); beam line X12b of the National Synchrotron Light Source (Brookhaven National Laboratory, Upton, NY) using an ADSC Quantum-4 charge-coupled device (Area Detector Systems, Poway, CA); or beam line 22-BM of the Advanced Photon Source (Argonne National Laboratory, Argonne, IL) using a MX-225 (Rayoni ston, IL). All data sets were processed with HKL2000 (19) , and the results are summarized in Table 1 and in Supplementary Table 2 .
Structure Solution and Refinement. Initial phases used for automated model building of the MerB crystal structure were determined by single isomorphous replacement plus anomalous differences (SIRAS) from the mercury using SOLVE/RESOLVE (20-22). The model was then built using RESOLVE AUTOBUILD in conjunction with ARP/wARP (23) . The structures were subjected to iterative rounds of refinement (simulated annealing and minimization) with CNS (24) or PHENIX REFINE (25, 26) and model building using COOT (27 
RESULTS
Crystallization conditions and structure determination. MerB crystals were obtained at pH 5.5 and then soaked with several different organomercurial analogs including methylmercury to generate the mercury-bound MerB. The MerB crystal structure is a homodimer in the asymmetric unit although MerB in solution has been shown to be monomeric. (Figure 1 ) (14, 17) . A two-fold noncrystallographic symmetry exists between the two subunits (A and B) present in the crystal. MerB from E. Coli (R831b) is 212 amino acids long and residues 1-208 were used to refine Subunit A. For Subunit B, residues 1-204 were used, with the exception of residues 13-18 and 149-151. The average B-factor for C α atoms is 19.
thin a large flexible loop mation of the two helices that were not seen nates failed to identify any new signi There are two atom for subunit A and 21.8 Å 2 for subunit B. Despite differences in the data quality, the two subunits have identical folds.
Comparison between the crystal and NMR structures of free MerB. The NMR structure demonstrated that MerB consists of three anti-parallel β-sheets surrounded by six α-helices that could be divided into two regions, an amino-terminal region and a core region. The crystal structure of free MerB is very similar to the solution structure ( Figure 2) . Alignment of the backbone from the amino-terminal region and the core region of the two structures demonstrates that there are only minor differences (Supplementary Figure 5) . However, comparison of the overall topology of the two structures demonstrates a number of important differences. The most striking differences are observed in the first 25 amino acids at the amino-terminus and in a stretch of 8 amino acids (residues 154-161) located adjacent to the catalytic site. In addition, the crystal structure gave a more complete description of other regions of MerB (residues 73-82 and residues 95-104) that were not completely defined by the NMR data. In the solution structure, the first 25 amino acids at the amino-terminus are not defined due to the lack of resonance assignments. In the crystal structures, residues 3-14 form an α-helix that is packed against the core region of MerB. This results in the entire amino-terminal region having a different orientation relative to the core region when compared to the NMR structure ( Figure 2 ). In addition, a new α-helix has been identified between residues 154-161 in the crystal structure that is absent in the NMR structure. The new helix is contained wi between residues V146 and H161 in the NMR structure. In contrast, these residues are all well defined in the crystal structure, with the exception of residues 149-151 in subunit B.
The differences between the two structures can be explained by factors that stabilize structural elements between the amino-terminal region (Residues 3-14) and the core region (residues 146-161). The amino-terminal α−helix (residues 3-14) is interacting with the surface of the core region through van der Waals interactions involving L3, Y6, I7, L10, L11 and T17 as well as hydrogen bonds from the side chains of Y6, S13 and A16. Residues 148-161 in the core region are thus stabilized near the active site by interactions with the amino-terminal and this helps explain the for in the solution structure. In addition, the interaction between the amino-terminal helix and the flexible loop is stabilized by interactions between the two subunits. Searches the DALI structural database with the MerB crystal coordi ficant matches (31) . The only protein with structural homology is the copper-chaperone protein NosL (32) and the homology is only with the core region of MerB (Z= 3.5, r.m.s.d.= 3.0Å, calculated with DaliLite (33)).
The active site is buried in the crystal structure. MerB encoded by E. coli (R831b) contains four cysteines (C96, C117, C159 and C160) and NMR studies demonstrated that three cysteines (C96, C159 and C160) are positioned near the active site (17) . Point mutations demonstrated that the highly conserved C96 and C159 are essential for enzymatic activity, but replacing the non-conserved C160 with a serine only moderately reduces activity (16) . In the crystal structure, the sulfhydryl groups of C96 and C159 are buried within the protein core. They are buried as a result of the amino-terminal α-helix being in contact with the core region including the large loop between residues 148-161. possible ways to access the sulfhydryl groups of C96 and C159 (Figure 3 ). The first is by removing the loop (residues 148-161) and the second is by removing the amino-terminal α-helix. In contrast, C160 is solvent-accessible (17) .
Structure of mercury-bound form of MerB. To obtain a substrate-bound complex, crystals of free MerB were soaked with organomercurials (methylmercury or PHMBA) in the presence or absence of small exogenous thiols including L-DTT, cysteine and glutathione. These experiments consistently generated a mercury-bound as opposed to a organomercurial-bound form of MerB. In every condition, there was no indication that either the carbon side chain or the exogenous thiol remained attached to the mercury ( Figure 4A and Figure 4B ). This is in contrast to NMR studies where incubation of MerB with organomercurial compounds in the presence of DTT resulted in a MerB-Hg-DTT complex (34). The structure of mercury-bound MerB is very similar to the free MerB with the exception of the mercury ion and the two structures have r.m.s.d. difference of 0.190Å about Cα. The mercury is bound to MerB in a planar-trigonal conformation by two sulfurs from C96 and C159 (at 2.3Å and 2.4Å distance respectively), making a 127° angle. The third binding the mercury is oxygen from a bound-tely requi istance of the bound water attach water molecule at 2.6Å, making angles of 122° and 111° with the mercury and the sulfurs of C96 and C159 respectively. As with the free MerB, the active site residues are completely inaccessible to solvent.
Crystal structures of cysteine mutants. Given their importance, cysteine to serine mutants (C96S, C159S and C160S) of MerB were prepared in an attempt to generate substrate-bound complexes. The structures of the three mutants were essentially identical to the native MerB in the free form. Following incubation with organomercurial compounds, we observed no evidence for bound organomercurial substrate or bound mercury product with either the C96S or C159S mutant (data not shown). In contrast, we observed bound mercury ion product in the C160S mutant (Supplementary Table  2 ). This indicates that the C160S crystal retains enzymatic activity and that C160 is not absolu red for MerB activity. These results are in agreement with previous mutagenesis studies examining the effect of these mutants on MerB activity (16) . In addition, these results indicate that C96 and C159 are essential for both substrate binding and for carbon-mercury bond cleavage.
D99 is in position to act as a proton mediator. As part of the mechanism of MerB, C96 and/or C159 must first be deprotonated and then react with the organomercurial compound to form a higher-order structure about the mercury ion that makes the carbon-mercury bond more amenable to protonolysis. Analysis of the crystal structure of the mercury-bound form of MerB indicates that D99 is the only amino acid vicinal to the bound mercury ion that can serve as proton mediator, with one of its carboxylic oxygens within 2.9 Å and the second oxygen of the side chain within hydrogen bonding d ed to mercury. In addition, D99 is in close proximity to the sulfhydryl group of C96 (3.6 Å) in the crystal structure of the free form and would be in an ideal position to function in the deprotonation step required for the sulfhydryl group prior to attack of the organomercurial substrate.
MerB and chemicals cleave by similar mechanisms: It has recently been demonstrated that alkyl-mercury compounds designed to mimic MerB are able to cleave organomercurial compounds (18, 35 Figure 4C ). This is despite the fact that mercurybound form of MerB is in a trigonal geometry and the [Tm 
DISCUSSION
Buried active site. One important observation from the MerB crystal structures is the occurrence of the active site buried within the hydrophobic core. Burying the MerB active site could serve to inhibit the release of the product ionic mercury. Ionic mercury is highly toxic and rapid release of mercury ion from MerB, following cleavage of the carbon-mercury bond, could result in extensive cellular damage. Retaining ionic mercury would enable MerB to transfer ionic mercury directly to the reductase MerA onversion to the less toxic elemental mercury. Previous in vitro studies demonstrated that MerB shuttles ionic mercury to MerA and the buried active site is consistent with this mechanism (34). MerA would compete with MerB for the mercury ion and this would result in the direct transfer without release.
Two questions still remain: 1) How does the substrate enter the active site? and 2) How is mercury efficiently transferred to MerA? Based on our NMR studies, residues 146-161 are part of a flexible loop and the 25 amino-terminal residues either exchange too rapidly or they are flexible. In the crystal structures, the high B-factors and the poor density of several residues in these regions support the possibility that these two regions of MerB are flexible and dynamic. Since C159 is part of the flexible loop, substrate binding could trigger the stabilization of these two regions through a mutual interaction. The a wide-range of organ erB-Hg-DTT intermediate can be view t, we were unab bonds involves the activation of the mercury atom by h narrower range result of these interactions would be to bury the active site. This requires significant movements of structural elements and would result in a significant loss of entropy. The loss of entropy would reduce the enzyme's overall activity, but the flexible active site enables MerB to cleave omercurial substrates. This rearrangement of structural elements following substrate binding is not only consistent with the low k cat (0.7min -1 to 240min -1 ) and high K m values (0.5mM for methylmercury) observed for MerB, but also with the wide range of organomercurial substrates (methylmercury to PHMBA) that can be cleaved. The geometry of the mercury in the mercurybound MerB crystal is similar to what we previously observed for a MerB-Hg-DTT complex in solution (34). In this complex, the mercury ion was bound C96 and two sulfurs from DTT. In this structure, C159 is in competition with the DTT for binding to the mercury. Given that the DTT is in excess, the C159 sulfhydryl can be displaced by the DTT. Despite this difference, there is a similarity of the preferred geometry (planar trigonal) and the distance (2.42 Å) of the three sulfurs to the mercury is approximately the same. This M ed as one step further along the reaction pathway. The MerB-Hg-DTT complex demonstrates how a molecule with two sulfhydryls can compete with C159 for the mercury ion and serves as a model for how two cysteines of MerA could function to abstract the mercury ion from MerB in a shuttling mechanism (Direct transfer).
Role of cysteines residues. The crystal structure of the cysteine mutants of MerB allowed us to analyze the roles for the three cysteines residues near the active site. The wild-type MerB crystals are enzymatically active and in the presence of organomercurial a mercury-bound form is generated. In the mercury-bound form, C96 and C159 are bound to the mercury ion in a planar-trigonal geometry and this form can be generated either in the presence or absence of exogenous thiols. In contras le to obtain a mercury-bound form with crystals of either the C96S or C159S mutants, but we were able to generate a mercury-bound form with crystals of the C160S mutant. These results demonstrate that C96 and C159 have a role in substrate binding, carbon-mercury bond cleavage and regulation of mercury ion release from the active site.
D99 as a proton donor. The common mechanism for chemical cleavage of carbon-mercury nucleophilic ligands, followed by protonolysis of the carbon-mercury bond (18, 35) . Although difficult, the critical step appears to be the formation of organomercurial compounds with high-coordination numbers. Once the high-coordination number has been achieved, the protonolysis step is relatively easy to perform (18) . Comparison of the crystal structure of [Tm Bu t ]HgCH 2 CN with the crystal structures of MerB indicates that MerB cleaves the carbon-mercury bond in a similar manner as these chemical methods.
As proposed earlier, C96 would initially attack the organomercurial and we postulated that the D99 would deprotonate C96. The carboxylate of D99 is in closer proximity to C96 (3.6 Å) in the free form than it is to C159 (4.3 Å). Following attack by C159 to form an organomercurial compound with a highcoordination number, D99 is perfectly positioned to donate the proton required for the protonolysis step. Thus, D99 would serve as the proton mediator or acid/base catalyst by deprotonating the sulfhydryl group of C96 and then donating this proton to the carbon moiety for protonolysis. In all of the MerB sequences isolated from bacteria resistant to organomercurials, D99 is strictly conserved except for one sequence where it is substituted by a serine. Interestingly, this variant shows a muc of substrate specificity (36). NMR studies with a D99A MerB mutant demonstrated that this protein is improperly folded and does not cleave carbonmercury bonds under the same conditions as MerB (Data not shown). This points to the uniqueness of the MerB active site and emphasizes the importance of D99 in the catalytic mechanism of MerB.
Mechanism: Based on the crystal structures of MerB, we propose a model for the mechanism of carbon-mercury bond cleavage (Scheme 1). This mechanism is analogous to previously proposed mechanisms (15, 16, 18, 35, 37) . In particular, it is in agreement with the hypothesis that a carboxylate group present in MerB would serve as the proton mediator for the carbon-mercury bond cleavage (37). However, the crystal structures enable better description of the order in which the cysteine residues attack and identify D99 as the residue that serves as the proton mediator. In our model, an exogenous thiol is bound to the organomercurial in the cytoplasm of the cell. The first step involving MerB is the deprotonation of C96 by D99. Once deprotonated, C96 attacks the organomercurial compound and almost simultaneously C159 attacks the mercury atom and displaces the exogenous thiol. These two ry bond and curial and ionic mercury species ound at all times and thus minimize their damaging interactions with other cellular proteins.
In this paper, we have solved the crystal structure of MerB in its free and mercury-bound forms. These structures provide important information that is essential to ongoing attempts to exploit the potential of the mer system in the bioremediation of methylmercury.
reactions result in the formation of a higher-order species with mercury trigonally bound. This highercoordination state recruits structural elements necessary to form the hydrophobic binding pocket between the flexible loop (residues 146-161) and the amino-terminal helix (residues [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The trigonallybound mercury is positioned in proximity to D99, which serves to polarize the carbon-mercu stabilize the carbanion that is then protonolysed by D99. This results in bond cleavage and the retention of the ionic mercury in the active site. Huang, C. C., Narita, M., Yamagata, T., and Endo, G. The amino-terminal helix of MerB (in green) covers the active site. For the zoom, a ribbon diagram of the complete MerB structure is shown on the left with a box framing the region to be highlighted to the right. MerB is shown in a surface representation (white), with the sulfhydryl group of C96 (yellow) and the loop between residues 146-161(gray) highlighted. B) Representation highlighting how the loop between residues 146-161 green) also covers the active site of MerB. In this panel, MerB is shown as a surface representation (white) w the sulfhydryl group of C96 (yellow) and the amino-terminal helix (gray) highlighted. The figure has been (in ith slightly rotated relative to panel A to help highlight the differences. As in panel A, a ribbon diagram of the complete MerB structure is shown on the left with a box framing the region to be highlighted to the right. ]HgCH 2 CN (C). A) In the free form, the side chain of D99 is located in closer proximity to the sulfhydryl group of C96 (3.6 Å) than it is to the sulfhydryl group of C159 (4.3 Å). B) In the complex, the mercury is bound in a trigonal geometry to the sulfhydryl group of C96 (2.3 Å), the sulfhydryl group of C159 (2.4 Å) and an oxygen from a bound water molecule (2.6 Å). The side chain of D99 is 3.5 Å away from the sulfhydryl group of C96 and 4.6Å from the sulfhydryl group of C159. A simulated-annealed omit map encompassing C96, D99, C159, the mercury and the bound water molecule is contoured at 3.0 sigma. C) Alignment of the crystal structure of the [Tm Mechanism for the cleavage of the carbon-mercury bond and the formation of the MerB-Hg complex. The mechanism is based on previous proposed mechanisms in combination with the results from the crystallographic analysis of MerB and three cysteine mutants. 
